The atomic structure of Guinier-Preston (G.P.) zone in an Mg-Zn-Gd alloy has been determined by combining atomic resolution high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) and first-principles calculation.
hexagonal structure with its base vectors along <1-100> in matrix. The lattice parameters are √3
and c, where a and c are the lattice parameters of Mg matrix.
The G.P. Zone consists of three atomic layers paralleling to (0001) plane in Mg matrix, where Gd and/or Zn atoms occupy ordered positions (0, 0, 0) in the outer two layers while the middle layer is pure Mg. However, Nie et al. [9] pointed out that the middle layer in the G.P. zone (namely  in their work) should enrich of Zn instead of pure Mg based on their HAADF-STEM and three dimension atom probe (3DAP) study in Mg98.4Gd1Zn0.4Zr0.2 alloy. They also noted that there is a negative misfit between the G.P. zone and the Mg matrix along [0001]G.P. // [0001]. Very recently, Li et al. [16] proposed a new atomic structure for G.P. Zone in a HAADF-STEM study of aged Mg96.5Zn1Gd2.5 alloy, where the outer two layers are same as previous models, but atomic positions in the middle layer are different. They found that the atoms in middle layer are shifted comparing to the matrix structure from a  zone axis view. Therefore, the atomic positions in the middle layer are proposed to shift a distance of a/4 along [11] [12] [13] [14] [15] [16] [17] [18] [19] [20]  to keep the atomic structure along [11] [12] [13] [14] [15] [16] [17] [18] [19] [20]  invariant but the atomic structure along  in agree with the observation. However, this translation will make the projections of the atomic structure along three <10-10> or <11-20> directions inequivalent (Refer to different projections of atomic structure in Figure S5 in supplementary material), which conflicts with other experimental observations. In addition, Zhu et al. [17] have obtained similar observation in an Ag modified Mg-Zn-Y alloy where the atomic positions in middle layer are shifted when viewing at not only <10-10>, but also <11-20> directions. However, the precipitate in their study enriches of Ag instead of Zn. Therefore, a detailed study on the atomic structure of G.P. zone in Mg-Zn-Gd alloy is needed.
As shown above, HAADF-STEM plays an important role in determining atomic structure, and the advent of Cs-corrected STEM has made it possible to directly compare the proposed crystal structures with experimental observations [17] [18] [19] [20] . In addition, the combination of first-principles calculation with Cs-corrected STEM has become an inevitable method to study the atomic structures [13, 17, 19] . In this work, we will determine the atomic structure of the G.P. zone in an Mg-Zn-Gd alloy by atomic resolution HAADF-STEM, and will further compare the structure with other models in literature by first-principles calculation.
The as-casted Mg97Zn1.8Gd1.2 alloy was solution treated at 520C for 2 hours, and then aged at 280C for 1 hour. TEM specimens of3  0.5 mm were cut from the heat treated specimens by using electro-discharge machine. The discs were then grinded to about 60 m and thinned by a dimpling grinder (Model 2000, Fischione)
followed by a low-energy ion milling from 4 kV to 500 V with an incidence angle of 4° (PIPS model 691; Gatan Inc.). The HAADF-STEM observation was carried out with Titan G2 60-300 (300kV, FEI), and the collection semi-angle of angular detector of the density functional theory [21] . The Perdew-Bruke-Ernzerhof (PBE) version of generalized gradient approximation (GGA) was used to describe electron exchange correlation functional [22] . The lattice constants and atomic positions were optimized with Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [23] , where the tolerance for energy change, maximum force and maximum displacement in fully relaxed state was set to be 5.0  10 -6 eV/atom, 0.01 eV/Å, 5.0  10 -4 Å, respectively. Later we will show the precipitates are G.P. zones. In Figure 1 . It should be noted that the precipitate is too thin to measure the composition accurately due to the aberrations in 3DAP test.
In order to determine the atomic structure of precipitates, high resolution observation is carried out from three zone axes, i.e. corresponding Mg atoms, thus a Gd atom can be found at a distance of every 3a along <11-20>, which could explain the extra spots observed in the diffraction patterns in Figure 3 (a-c). Such ordering of Gd atoms are usually deduced from the diffraction patterns [8, 9] . It is the first time to directly observe the atomic structure by HAADF-STEM, though the structure of outer layer in previous studies is consistent with present result. Similar to previous studies [9, 16] , the spacing between two Gd layers is measured to be around 3.9 Å, and is smaller than c = 5.21 Å, indicating a negative strain between the G.P. zone and matrix. As shown before, the atomic position or species in middle layer varies in different models. In this study, the atoms [9] . Present atomic structure can be treated as a modified version from Nie et al. [9] , where the Zn atoms in their model are shuffled √3 /6 along <10-10> as indicated by the red arrows in Figure 4 (f).
The stability of these structure models will be examined next. In the first-principles calculation, a G.P. zone with three atomic layers is embedded in the Mg matrix with a total of 10 (0001) layers and the basal size of √3 × √3 . The orientation relationship between the G.P. zone and matrix is set to be (0001)G.P. // (0001) and Figure 4(g-i) . The relaxation mainly happens in the outer two layers of G.P. zone, and the atoms move along [0001] after relaxation. Specifically, the Gd atoms move inward and result in a spacing between two Gd layers to be 3.52
Å which is close to 3.9 Å measured from Figure 3 , and the Mg atoms in the outer layers shrink to a spacing of 4.84 Å. Nevertheless, the relaxed structure is close to initial structure in Figure 1(a-c) , especially when view from [0001]. The relaxed structure is superimposed onto Figure 3(d-f) , showing good agreement. Furthermore, we take the model proposed by Nie et al. [9] as an input for atomic relaxation, and found that the structure is not stable and will result in the same structure as Figure   4 (g-i) after relaxation. Namely, Zn atoms in the middle layer will move about 0.9 Å ( = √3 /6 ) along <10-10> due to the atomic interactions. Similarly, if we take the model proposed by Li et al. [16] as an input, their structure is also not stable. The atoms in the middle layer will also move during relaxation and the final structure is similar to Figure 4 (g-i) as shown in Figure S6 (a-c). Moreover, we also checked the effect of Zn/Mg ratio in the middle layer on the relaxation structure, and found the relaxed structure is also similar to previous cases (Refer to Figure S6(d-f) ). Therefore, despite of different models in literature, they will converge to present model after atomic relaxation.
In summary, a unified atomic structure of G.P. zone in Mg-Zn-Gd alloy has been determined by combining atomic resolution high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) and first-principles calculation.
The hexagonal-shaped G.P. Zone is found to be consisted of three atomic layers paralleling to (0001) plane in Mg matrix, where the outer two layers enrich of Gd atoms while the middle layer enriches of Zn atoms. The atoms in the middle layer are shifted along <10-10> directions with a distance of about 0.9 Å. The proposed atomic structure has been compared with existing models in literature by first-principles calculation. It shows that all of the structure models reported in literatures are not stable, and they will relax to a structure close to present model. Relaxed atomic structure for a-c), respectively, by first-principles calculation. [9] , g-h)
Relaxed atomic structure for a-c), respectively, by first-principles calculation. 
